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Abstract
The effect of various solvents on the structures and properties of carboxylated
SWNTs has been explored using the Same Level Different Basis Set approach (SLDB),
where B3LYP functional of density functional theory (DFT) was applied. Armchair (4,4)
and zigzag (8,0) and (9,0) tubes were considered as the testbed. In order to simulate
varying concentration of –COOH groups, one to five acids groups were placed at one end
of these tubes. These samples were placed in different solvents (namely, CS2, THF and
water) with varying polarity and results were compared with gas-phase properties.
Similar to the gas-phase, zigzag tubes also exhibit both regular (r-COOH, (C=O) above
1700 cm-1) and low-frequency (lf-COOH, (C=O) below 1700 cm-1) acid groups.
Characteristics of r-COOH group are not affected much in solvents, but lf-COOH of the
zigzag tube is the one that makes these tubes distinguishable from its armchair cousin.
Stability and charge distribution of SWNT-COOH strongly depend on the number of acid
groups in different solvents which may help controlling further functionalization.
Vibrational analyses reveal certain features in the 1400-1600 cm-1 range that are
characteristic of lf-COOH in different solvents, which may help in the assignment of
experimental spectra of oxidized SWNT in solvents.
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1.

Introduction

Carboxylated single-wall carbon nanotubes (SWNT-COOH, o-SWNT), created during
purification of raw SWNTs by oxidative treatments, are the gateway to the functionalized
carbon nanotube arena. These functionalized nanotubes are a focus of nanotube research
due to their wide range of applications, such as sensors, solar cells, drug delivery
systems, and various electronic and optoelectronic devices [1-9]. Despite significant
progress in chemical modification of purified carbon nanotubes, inhomogeneity in raw as
well as in oxidized SWNTs represents a bottleneck in progress toward application
oriented technological developments of individual nanotubes. Better understanding of
structures and properties of individual o-SWNT might lead to selective and controlled
functionalization. In addition, a major hurdle in separating SWNTs might be overcome
by virtue of subtle differences, if any, among o-SWNTs. Of several oxygen-containing
functional groups, –COOH is the most widely observed, located primarily at the tips and
also at side-wall of SWNTs during various acid treatments. It is thus imperative to have a
thorough knowledge of the structure and intrinsic properties of individual o-SWNTs, as
those –COOH groups are used as the anchor for further functionalization. In recent days
purification techniques have been developed to create short and defect-free SWNTs [10,
11] and thus to maintain tube structures intact, end-functionalization via functional
groups would be a reasonable choice.
Our recent studies [12-14] revealed differences between oxidized armchair and
zigzag tubes based on COOH groups at the terminus. A completely new C=O stretching
mode was found around 1650 cm-1 for some standalone COOH groups, but only at zigzag
edges, which are designated as low-frequency COOH (lf-COOH) groups. It worth
mentioning that lf-COOH groups are not connected by any C=O--H-O H-bond among
themselves, even at higher concentration, due to unfavorable alignment of C=O and H-O
units of nearby groups and the O--H-O bond angle is narrower than 100º [15]. As this
frequency range is typical of quinones or their derivatives, most of the previous
experimental studies assigned the peak accordingly. However, our results indicate that
such a peak may be due instead to these lf-COOH groups.
This conclusion from our previous investigations on a wide range of SWNTCOOH was derived from gas-phase calculations. Since experiments [1, 2, 5, 16-24]
showed varying solubility of functionalized SWNTs in different solvents, then the
question arises as to how such a difference in COOH groups at the zigzag and armchair
edges differ in different solvents. Also, the stability of o-SWNTs in different solvents
may be a key factor dictating selective functionalization of individual kinds of tubes.
Since there is no indication from experimental results about the solubility or stability of
individual oxidized tube, as the samples of purified tubes obtained from any source and
oxidation/purification methods are a mixture of different kinds of o-SWNTs, a theoretical
investigation seems worthwhile on this topic. In the present study, we attempt to obtaibn
some insights into the characteristics of acid groups at the edges of SWNTs in different
solvents that may provide some new insight into the wet chemistry of carboxylated single
wall carbon nanotubes.

2.

Method of calculations

Investigations on large systems like nanotubes, including calculation of vibrational
frequencies, are computationally highly demanding and so require a protocol that is both
accurate and feasible. Kar and coworkers have [25-28] shown the advantages of using the
Same Level Different Basis (SLDB) prescription over other procedures, such as the
widely used ONIOM [29, 30] method, for studying SWNTs and their chemical
modifications. In fact, several other studies also indicated ONIOM is not a reliable
method for studying functionalized nanotubes due to disruption of the -network [31-34].
In the SLDB approach, atoms in defined active sites are provided with larger sets of basis
functions, while smaller sets are applied to the remaining atoms. Previous studies [26, 27]
demonstrated that the use of a larger basis set for a small number of atoms at active sites
is sufficient to reproduce structure, energetics, and vibrational spectra for sidewall and
end-functionalized nanotubes.
This DFT-SLDB technique was used throughout in the present study. In this
protocol, 4n (2m) carbons at the functionalized site of (n,n) armchair (zigzag (m,0)) tubes
and functional groups were treated with 6-31G*(O+) (where a set of diffuse sp-function
was added for electronegative oxygen atoms) and the 3-21G basis was used for the
remaining carbons. A larger basis set (6-31G*) was used for terminal hydrogens at the
functionalized end and 3-21G for hydrogens at the other end of SWNTs. Thus, 6-31G* is
used for 16 carbons of (4,4) and (8,0) tubes, and 18 carbons of (9,0) tube. Use of such a
combined basis set reduces computational time by more than 50% for SCF steps and by
more than 60% for vibrational steps, while reproducing properties quite accurately [14].
The B3LYP variant of density functional theory (DFT) [35, 36] was employed in order to
include correlation effects. The accuracy of normal mode calculations using the B3LYP
functional is sufficiently high and includes an optimal cost-to-benefit ratio [37-40].
The self-consistent reaction field (SCRF) approach [41] was employed in which
recently developed SMD method by the Truhlar group [42] was used for all solvent
calculations. This method has been recommended in calculating free energy (G) of
solvation [43]. Solvents used in this study include carbon disulfide (CS2, dielectric
constant  =2.6105), tetrahydrofuran (THF,  = 7.4257) and water (W,  = 78.3553).
Because computed harmonic vibrational frequencies are typically slightly
overestimated (even for more accurate methods, such as MP2, CCSD(T) etc, as well as
for larger basis sets) a scale factor is commonly used to improve agreement with
experimental spectra. For example, a value of 0.960 is recommended for B3LYP/6-31G*
[44]. Since we are primarily interested in the spectra of attached functional groups,
application of a scale factor of 0.96 was deemed a reasonable choice.
All calculations were performed using the Gaussian-09 [45] code. Theoretical
vibrational modes were analyzed using Chemcraft [46] program. Pristine nanotube
models were obtained using TubeVBS software [47], and in the o-SWNTs models,

COOH groups were positioned using Chemcraft [46], which was also used to generate oSWNTs figures for geometry analyses.
3.

Results and Discussions

Three SWNT models are considered in the present study and those are: armchair
(4,4), semiconducting zigzag (8,0) and metallic zigzag (9,0). The former two molecular
models of tubes contain 64 carbon atoms, and 72 carbons constitute the (9,0) tube. In all
cases, carbon atoms at the edges were saturated with appropriate numbers of hydrogen
atoms, except of course those hosting acid groups. To mimic varying concentration of
acid groups, 1, 3, 5 and 8 acid groups were considered at one tip of SWNTs, keeping
another end fully saturated with hydrogen atoms. All geometries were fully optimized
without any constraints in different solvents and the results are compared with gas-phase
properties.
3.1.

Structure and Geometry

Fully optimized geometries of (4,4)-(COOH)n, (8,0)-(COOH)n and (9,0)-(COOH)n (n =
1, 3, 5 and 8) in water are depicted in Figs. 1 and 2. For the sake of comparison all
structures of carboxylated-SWNTs in gas-phase, CS2, THF, and water are given in Figs.
S1-S4 (Supporting information material). Key geometric parameters of o-SWNTs are
summarized in Tables 1-3 (n = 1, 3 and 5) and S5 (n=8). It may be noted that for n = 8,
all carbons at the tip of (4,4) and (8,0) tubes are saturated with COOH groups. Such a
high concentration of acid groups at the tip of the tube is most unlikely due to steric
factors, and wash/dry process of the oxidized tube during purification process most likely
eliminates several acid groups. It can be seen from these figures that the orientation of
COOH group(s), irrespective of their numbers, at the tips of o-SWNTs found in the gasphase are almost unchanged in different solvents, i.e., practically no effect of solvents on
the orientation of acid groups. (Similar structural arrangements of COOH groups at the
edge of (9,0)-(COOH)9 in gas-phase was also reported by Chelmecka et al. [48].)
On the other hand, bond lengths (C=O, C-O and C-COOH) show progressive changes
from gas-phase with varying polarity of the solvent. In the case of the armchair tube,
C=O distances are within 1.212 – 1.220 Å in gas-phase and are elongated by about 0.01
Å in water, with an intermediate increase in CS2 and then in THF. As found in gas-phase,
zigzag tubes also exhibit both r (regular) and lf (low-field) -COOH groups depending on
the total number of acid groups contained therein. For n=3 all acid groups are lf. For
n=5, three in (8,0) and four in (9,0) tube are lf-COOH, while the remainder are regular
type. The C=O bonds of the former group are longer than the latter by about 0.01 Å in
gas-phase and these differences widen to about 0.02 Å in water, i.e., close to double that
observed in the armchair tube. Graphical presentation in Fig. S6 clearly shows
differences in R(C=O) from gas-phase to different solvents. The carbonyl bond of lfCOOH is stretched significantly compared to regular acid groups as the polarity of
solvent increases. All such distances in regular COOH of o-SWNTs are within 1.210 to
1.230 Å and these values are in the same range that found in benzoic acid, anthraceneCOOH (representative of zigzag tubes) and phenanthrene-COOH (smaller model of the
armchair type). In contrast, R(C=O) in unusual lf-COOH groups stretches (by about 0.05

Å) from gas-phase to water, where the longest distance (about 1.275 Å) in water is found
in single carboxylated zigzag tubes.
In contrast to progressive elongation of C=O bonds with increasing polarity of the
solvent, changes in the C-O bond (in the second column of Tables 1-3 and S5) are found
chirality dependent. In the armchair tube, such bonds shrink by about 0.01 Å, while for
zigzag tubes a reverse trend is noted. In fact, such opposite trends in C-O distance related
to the characteristics of the COOH group: decreases for regular acid group and increases
in lf-COOH groups, are observed even when both types of acid group are present in the
same tube, as in (m,0)-(COOH)n where n = 5 and 8. Changes in r(O-H) (in the range of
0.975 to 0.980 Å) are less sensitive to different media. Solvents bring tube and acid group
closer together as R(C-COOH) (shown in the last column of Tables 1-3) decreases. Such
bonds in armchair tube are almost insensitive to solvent polarity, whereas changes are
noticeable in zigzag tubes. In general, R(C-COOH) distance are shortened in the range of
0.03 to 0.06 Å. Once again, it is the lf-COOH groups affected by more than regular acid
groups.
In summary, solvents have noticeable effects (compared to gas-phase structures)
on the key geometric parameters of carboxylated SWNTs. Such effects are more
pronounced for lf-COOH groups than regular acid groups. The differences between two
types of acid groups are progressively enhanced with the increasing polarity of the
solvent. Such features may affect further functionalization of o-SWNTs in different
solvents.
3.2.

Solvation energy

The effects of different solvents on the stability of SWNTs and o-SWNTs are shown in
Fig. 3. For the sake of comparison the stability of anthracene (simplest model of the
zigzag tube) and phenanthrene (simplest model of the armchair tube), and their monoCOOH derivatives are also included in the figure. The free energy of salvation (GSolv)
were estimated by the difference in energies in the gas-phase and in solvents, and a
negative GSolv value is an indication of stability compared to gas-phase. (It may be
noted that stability in solvents is not necessarily directly correlated with an indicator of
solubility.) Stability of carboxylated carbon networks in solvents is dictated by two
opposing factors: destabilization due to hydrophobic carbon materials and stabilization by
hydrophilic acid groups.
To estimate the stability of –COOH group itself in solvents, formic acid (HCOOH) is considered as a model. Since in the models of o-SWNTs, acid groups are not
interacting among themselves (such as O--H-O H-bonding), they may be considered as a
standalone group at the tip of SWNTs. To model such multiple non-interacting acid
groups (to represent 1, 3 and 5 groups in o-SWNTs), GSolv of H-COOH (For-a) is
multiplied by 3 (3*For-a) and 5 (5*For-a); changes in the stability with increasing
number of COOH groups are shown in the top part of Fig. 3. As expected, GSolv of
(HCOOH)x (x = 1, 3 and 5) becomes progressively more negative in more polar solvent,
i.e., the stability of formic acid enhances as solvent polarity increases. In contrast, the
solvation energy of anthracene (C14H10) and phenanthrene (C14H10) decreases (shown in
the top part of Fig. 3) as the polarity of solvent increases. Since both contain the same
number of carbon and hydrogen atoms, effects of solvents on their solvation energies

(GSolv) are very close to one another. Due to the presence of polar COOH groups, their
acidic forms (C14H9COOH) are found to be more stable than hydrocarbon structures and
the difference (GSolv) between GSolv of hydrocarbon and acid is widened with
increasing polarity of the solvents. For example, the GSolv of about 2.0 kcal/mol in CS2
is multiplied by a factor of 4 in water.
It appears from the GSolv (Fig. 3) that the effect of solvent is almost independent
of the chirality of the tube but strongly depends on the number of carbon atoms
(considering the negligible effect of terminal H atoms) as has been found in smaller
models. As the number of carbon atoms increases from smaller models (C14) to nanotubes
(C64 in (8,0) and (4,4), and C72 in (9,0)), the trend of destabilization with increasing
polarity of solvent is more pronounced. The GSolv curve of pristine (8,0) runs parallel to
and below that of the (4,4) tube but with almost a constant difference of about 0.5
kcal/mol in all solvents considered herein. As the number of carbon atoms increases from
64 to 72 as in (9,0) tube, GSolv increases in magnitude from about -37.0 kcal/mol to 43.0 kcal/mol in CS2 and then decreases to about 18.0 kcal/mol in water. The difference
in GSolv between two zigzag tubes decreases from 5.0 (in CS2) to 3.4 kcal/mol (in
water).
The destabilizing trend with increasing polarity of solvent continues to single
carboxylated SWNTs. However, the GSolv value of (4,4)-1a and (8,0)-1a widens
progressively from 1.6 kcal/mol in CS2 to 9.2 kcal/mol in water, where the former tube is
less stable in water. Compared to (8,0)-COOH, the larger (based on diameter) (9,0)COOH is found more stable in CS2 by 6.5 kcal/mol and this value decreases to 2.8
kcal/mol in water. Interestingly, solvation energies of (4,4)-(COOH)3 fall between GSolv
of (8,0)-COOH and (9,0)-COOH. A gap of solvation energies between oxidized armchair
and zigzag tubes diminishes as acid concentration increases. The GSolv value of the
(4,4)-5a tube is closer to (8,0)-3a. The same number of COOH groups in the (9,0)-3a tube
exhibits higher stability by about 3.0 kcal/mol than the smaller zigzag tube in different
solvents. The trend in GSolv at these concentrations (3 for zigzag tube and 5 for the
armchair tube) seems balanced between stabilizing and destabilizing factors of SWNTCOOH.
Increasing the number of COOH groups to 5 in zigzag tubes leads to a progressive
increase in GSolv as solvent polarity increases and are most stable in water. This trend
clearly suggests the stabilization factor is dominating the destabilizing factor. We have
not included results of SWNT-(COOH)8 as such high concentration of acid groups at the
tips of the tube is most unlikely due to steric factors, and the wash/dry process of
oxidized tubes during purification process most likely eliminates several acid groups.
In summary, the stability of carboxylated SWNTs strongly depends on the
number of acid groups present in the sample. At lower acid concentrations, o-SWNT
destabilizes with increasing polarity of the solvent. At medium concentration, stability is
to some extent constant and at higher concentration stability increases with the polarity of
the solvent. A clear distinction between armchair and zigzag tube is that former type
attains a similar stability as the latter but with a higher number of acid groups
3.3. Charge distributions
Natural population analyses (NPA) [49, 50] were performed to obtain charge
distributions. The trends in the computed group charge of COOH units of SWNT-

(COOH)n are shown in Fig. 4, which plots the acid group(s) charge versus the Onsager
function Fo = ( -1) / (+2) that relates  to the permanent dielectric constant of each
solvent [41, 51]. Note that Fo is equal to zero for the gas phase wherein  = 1, and climbs
to an asymptote of unity as the solvent becomes progressively more polar and 
approaches ∞. The high value of  for water leads to a Fo of 0.96, rather close to the
asymptotic limit of 1.0.
Since the carboxylic acid group is an electron withdrawing group, it is expected
that COOH groups may pull some density from the tube and possess some negative
charge, making SWNT slightly positive. Fig. 4 shows two sets of data distinguishable
from each other. The first set of group charges, shown in the top part of the figure, belong
to the regular COOH (r-COOH) groups and lie within +75 me to -75 me. The second set
of charges represent lf-COOH groups and is much more negative in the range between 125 me and -850 me. For both kinds of acid groups, negative charge increases (more
pronounced for lf-COOH groups) with increasing value of Fo, i.e., pulls more density
from the tube as the polarity of solvent increases.
The electron withdrawing capacity of the acid group in carboxylated SWNTs
seems dependent on their numbers. For example, the presence of one and three groups at
the edge of the (4,4) tube makes tube positively charged: +22 me in (4,4)-COOH and +31
me in (4,4)(COOH)3 in gas phase (see first column of Table S7). The tube loses electrons
progressively as solvent polarity increases. In water, these same quantities are +35 me
and +80 me, respectively. By increasing n to five, a curious opposite trend is noted. The
sum of five acid group charges of (4,4)-(COOH)5 in the gas-phase is +89 me, rather than
the negative quantity normally expected. With increasing polarity of the solvent, this
value diminishes to +8 me in water. It can be seen that q(COOH) of (4,4)-COOH group
in different media is very close to that of benzoic acid (Ben-1a), as the curve lies below
than that of Anth-1a and Phen-1A by only a small margin.
Since zigzag tubes contain both regular and lf-COOH groups, their charges are
plotted separately in the figure. The group charge of regular COOH follows the same
trend observed as in the carboxylated armchair tube and simple aromatic molecules. For
(8,0)-(COOH)5, the curve runs parallel to that of its armchair counterpart with the same
acid concentration and loses a small amount of electron density to the tube. Enlargement
of tube diameter to (9,0) causes a decrease of the positive group charge (Table S7) to
almost half, in comparison to the smaller acidic (8,0) tube.
In gas-phase, lf-COOH group charge of oxidized zigzag tubes ranges between 125 and –240 me, with slightly more negative values in the case of larger (9,0) tube
compared to (8,0) tube. The effect of solvent is significant as all curves are displaced
downward progressively with increasing polarity of the solvent. Again acid concentration
plays a critical role in charge distribution. For example, group charge of about -400 me
for one low-frequency acid group increases to about -600 me. Such a difference is more
pronounced in (9,0) tube where an additional 425 me is transferred from the tube to acid
groups when number of acid group increase from one to four. In all cases, the
contribution from each lf-COOH to the total value is almost the same.
The molecular electrostatic potential (MEP), describing charge distribution in
three dimensions of a molecule, of different SWNT-(COOH)3 in gas and water is
illustrated in Fig. 5. Blue and red regions in MEP maps indicate positive and negative
potential, respectively. Intermediate potentials are shown in green and yellow colors in

the figure. In gas-phase, all three maps shown on the left are very similar: red-region on
carbonyl oxygen, blue on hydrogen of COOH, and green (with slight yellow) area spans
the entire tube and finally blue at the non-acidic edge. No noticeable changes in MEP are
found when the carboxylated (4,4) tube is placed in water. However, differences are
prominent for zigzag tubes in water. The acidic edge shows deeper red-region spread
close to the first layer of the carbon ring, followed by yellow-green regions and then
greater blue area at the other edge. Part of this blue region at the edge is due to C-H
bonds, which are limited to hydrogen atoms in the gas phase, but expands to one layer of
carbons. MEP maps of (8,0) and (9,0) also show some differences, where red and blue
regions are more intense in the latter tube and occupy more space, diminishing green
region to smaller area in the middle of the tube. This may be due to larger diameter of
(9,0) tube than (8,0) tube.
In summary, charge distribution between acid group(s) and SWNT depends on the
type of acid group, regular versus low-frequency, and also on the number of such groups.
The presence of lf-COOH group at zigzag edge makes them distinguishable from
oxidized armchair tubes. Results indicate that it may be possible to tune electron flow
from the tube to acid groups, making the tube more electropositive, by increasing the
number of acid groups, in addition to varying solvent polarity. Such variation is only
possible in zigzag tubes, which makes them different from their armchair cousin.
3.4. Vibrational analyses
IR spectroscopy, along with other analytical techniques, has been routinely used for
identification of acid group(s) in oxidized SWNT structures. Special emphasis is placed
on calculating the IR spectra which offer the hope of allowing experimentalists to
distinguish one sort of oxidized-SWNTs from another. And perhaps most importantly,
the factors that lead to quite unique structural and spectroscopic features of the carboxyl
group of SWNT-COOH are isolated and identified. Lorentzian broadening with fwhm of
20 cm−1 was applied to each spectrum (scaled by 0.96) to better simulate an experimental
result.
The calculated spectra of SWNT-(COOH)n (n = 5; SWNT = (4,4), (8,0) and (9,0))
in different solvents along with gas-phase are superimposed in Figs 6 and 7. For the sake
of clarity, spectra of acidic (4,4) and (8,0) are shown in Figure 6, while Figure 7
summarizes results from (8,0) and (9,0) tubes. The data provide a clear picture of
differences between metallic armchair and semiconducting zigzag, and metallic versus
semiconducting zigzag oxidized tubes. For other SWNT-COOHs, having one and three
acid groups, superimposed spectra are displayed in Figs. S8 and S9 for n =1 and Figs.
S10 and S11 for n=3. Scaled C=O frequencies of all carboxylated SWNTs are
summarized in Table 4, where regular and low-frequency modes for n = 5 in zigzag tubes
are shown separately. In the case of one and three COOH groups of zigzag tubes, all acid
groups fall in the low-frequency category.
The C=O stretching frequency of each –COOH group in small aromatic systems
shifts to lower values from gas-phase to solvents and progressively moves to lower
frequency, lowest in water. For example, (C=O) changes from 1719 (gas-phase) to 1705
(CS2) to 1692 (THF) to 1620 (water). The same trend is found in the case of anthraceneCOOH and phenanthrene-COOH (Fig. S12) with a progressive increase in intensity as

the solvent polarity increases. The structural difference between single carboxylated
anthracene (zigzag model) and phenanthrene (armchair model) in different media has an
insignificant influence on the C=O vibrational mode, except slightly higher intensity in
the former molecule.
Similar decreasing trends in carbonyl vibrational mode in different media have
been found in extended carbon networks. Armchair tube with five COOH groups
exhibits a single IR peak (solid lines in Fig. 6) in all media, and (C=O) shifts from 1718
cm-1 (gas phase) to 1632 (water) cm-1, with intermediate values of 1708 cm-1 in CS2 and
then 1698 cm-1 in THF. In general, these C=O modes are pure or constitute the major
contribution. With the increase of Fo, intensity increases sharply to a maximum value in
water. Results in Table 4, indicate the concentration of acid groups at (4,4) has very little
effect on C=O mode, as the position of the peak shifts to the right side by about 10 cm-1
or less as the number of groups increases by a factor of two.
Two carbonyl peaks are exhibited by the zigzag (8,0)-(COOH)5 tube (Fig. 6),
where underlined values are associated with regular COOH group and others with lfCOOH. The C=O stretching frequency of regular COOH groups (two in this case) of the
zigzag tube is higher by 24 cm-1 in gas-phase than the corresponding value in the
armchair tube, and this difference diminishes to 1 cm-1 in aqueous solution. However,
absorption in acidic armchair tube occurs at a higher intensity than in the corresponding
zigzag tube.
The characteristics of lf-COOH of (8,0)-(COOH)5 change with the polarity of the
solvent. In the gas-phase and less polar solvents (CS2 and THF), lf-COOH is represented
by one peak in the 1680 -1630 cm-1 region, but in water it is split into two intense peaks
well below 1600 cm-1. These two modes at 1533 and 1468 cm-1 are a mixture of C=O and
C=C stretching vibrations in addition to <COH and <CCH bending modes. It may be
noted that in both cases, the C=O modes are not dominating, but are identifiable as
carbonyl stretching vibration, where the higher frequency mode has a slightly larger
contribution from C=O vibration. Single and triple COOH groups in the (8,0) tube also
exhibit two peaks (Figs. S8 and S10) in their aqueous solution and those peaks appear at
1551 and 1502 cm-1 in (8,0)-COOH and at 1531 and 1480 cm-1 in (8,0)-(COOH)3. In
general, the nanotube C=C stretching mode appears in the 1600 -1650 cm-1 range and due
to conjugation with COOH group, both modes shift to lowers values.
Fig. 7 provides comparison between IR spectra of semiconducting and metallic
zigzag tubes in the 1400-1800 cm-1 region. Besides the difference in their electronic
properties, the metallic (9,0) tube is slightly wider than the semiconducting tube and
contains four lf-COOH group as compared to three in the (8,0) tube. The C=O mode of
regular COOH group(s), underlined values in the figure, for both tubes are very close to
each other. For example, gas-phase absorption for both tubes occurs at 1742 cm-1, and a
difference of only about 2-3 cm-1 with similar intensity is found in solvents.
The major difference found in the C=O mode of lf-COOH group(s) between (8,0)
and (9,0) tubes is a change in intensity. In the gas-phase, CS2 and THF, the (C=O)
frequencies of the larger tube are slightly red-shifted by 2 to 15 cm-1 compared to its
smaller counterpart and intensity enhances progressively from gas-phase to THF, almost
double in THF. However, both peaks in aqueous solution of the larger tube are blueshifted by a small margin compared to the smaller tube. Similar differences are found
between zigzag tubs with lower acid concentration.

In summary, characteristics of IR spectra in the range of 1400-1800 cm-1 of
carboxylated armchair and zigzag tubes depends on the solvent polarity. Although the
regular COOH groups of different tubes exhibit similar behavior, lf-COOH groups
display major differences between two kinds of tube. However, no distinguishable
features of IR spectra were noted to differentiate between semiconducting and metallic
zigzag tubes; minor changes observed are most likely due to the structural difference
between them and acid concentration. The O-H modes of regular acid groups appear in
the 3480 -3550 cm-1 range with low intensity. Similar to C=O modes, acidic zigzag tubes
also exhibit two O-H peaks, where those belonging to lf-COOH appear above 3510 cm-1
and others below this value. However, due to low intensity, the difference between these
groups may not be distinguishable experimentally.
4.

Conclusions

Functionalization of single-wall carbon nanotubes improves their solubility in different
solvents which allow those involved in wet chemistry of these fascinating materials to
develop application-oriented products in a wide range of fields. In this investigation, we
have explored the structure, stability and properties of carboxylated-SWNTs, with
varying concentration of acid group, in different solvents, namely CS2, THF, and water.
Such acid groups at the edge of tubes are the anchor to further functionalization, and thus
play an important role in the chemistry of SWNTs.
Some of the COOH groups on the zigzag (8,0) and (9,0) tubes exhibit different
characteristics than those in the armchair (4,4). Such groups are termed low-frequency
(lf) acids based on their carbonyl vibrational frequency, which appears below 1700 cm-1
in the gas-phase. Such lf-COOH groups make the difference between armchair and
zigzag tubes, and the discrepancies widen with increasing polarity of the solvent.
Stability of SWNT-(COOH)n in different media depends on the number of acid
groups and number of carbon atoms. It is well known that as the number of carbon atoms
increases, the solubility of aromatic acid group decreases. Thus, the stability of SWNTCOOH depends on two factors: destabilizing by tube size and stabilizing by increasing
number of acid groups. At lower concentration of COOH units, the stability of acidicSWNT decreases as the polarity of solvent increases, while at a higher concentration a
reverse trend is followed.
Electron distribution in SWNT-COOH indicates armchair tube gains or loses a
certain amount of electron density and the magnitude is not affected by the solvent.
However, zigzag tubes progressively lose density to the acid group as solvent polarity
increases. This trend suggests the possibility of controlling selective second
functionalization of zigzag tubes by varying acid concentration and solvent.
We also provided IR spectra of different oxidized tubes in different media, where
the most characteristic C=O stretching vibration mode of the acid group is analyzed
critically. While (4,4)-COOH exhibits a single C=O peak in the standard region, two
intense peaks are common in their zigzag cousins. The most striking feature is the shift of
C=O frequency of lf-COOH groups below 1650 cm-1 in solvents. In aqueous solution,
this peak is red-shifted and split to an additional peak below 1600 cm-1. Thus, the IR
spectra of zigzag-COOH tubes show an unusual feature in the 1450-1650 cm-1 range,
where C=O modes are coupled with C=C stretch, in addition to CCH and COH bending

modes. This may be due to conjugation effects between C=O and C=C bonds. These
findings may be helpful in assigning IR peaks experimentally.
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Appendix A. Supplementary data
Fig. S1 - Optimized structures of (4,4)-COOH , (8,0)-COOH and (9,0)-COOH in gas,
CS2, THF and water. Distances are in Å.
Fig. S2 - Optimized structures of (4,4)-(COOH)3 and (8,0)-(COOH)3 in gas, CS2, THF
and water. Distances are in Å.
Fig. S3 - Optimized structures of (4,4)-(COOH)5 and (8,0)-(COOH)5 in gas, CS2, THF
and water. Distances are in Å.
Fig. S4 - Optimized structures of (4,4)-(COOH)5 and (8,0)-(COOH)5 in gas, CS2, THF
and water. Distances are in Å.
Table S5. Key geometric parametersa of SWNT-(COOH)8. Bond lengths are in Å
Fig. S6 - Variation of C=O distance in different medium. Onsager function Fo= (- 1)/(
+ 2), where  refers to the dielectric constant of the medium. Ben, Anth and Phen stand
for benzene, anthracene and phenanthrene, respectively.
Table S7. NPA group charges (in me) of COOH groups. Negative numbers indicate charge flow
from SWNT to COOH, otherwise from COOH to SWNT.

Fig. S8 - B3LYP IR spectra of (4,4)-COOH and (8,0)-COOH in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96.
Fig. S9 - B3LYP IR spectra of (8,0)-COOH and (9,0)-COOH in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96.
Fig. S10 - B3LYP IR spectra of (4,4)-(COOH)3 and (8,0)-(COOH)3 in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96.
Fig. S11 - B3LYP IR spectra of (8,0)-(COOH)3 and (9,0)-(COOH)3 in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96.

Figures Caption:
Fig. 1 - Optimized structures of (4,4)-(COOH)n, (8,0)-(COOH)n and (9,0)-(COOH)n
(n = 1 and 3) in water. Distances are in Å. Optimized structures in other solvents and in
gas-phase are given in Figures S1 (n=1) and S2 (n=3).
Fig. 2 - Optimized structures of (4,4)-(COOH)n and (8,0)-(COOH)n (n = 5 and 8) in
water. Distances are in Å. Low-frequency COOH groups are marked by lf. Optimized
structures in other solvents and in gas-phase are given in Figures S3 (n=5) and S4 (n=8).
Fig. 3 - Variation of GSolv of SWNT-(COOH)n and simple organic acids in different
medium. Onsager function Fo= (- 1)/( + 2), where  refers to the dielectric constant of
the medium. Ben, Anth, Phen and For stand for benzene, anthracene, phenanthrene and
formic acid, respectively.
Fig. 4 - Variation of natural charge (q, me) of acid group of SWNT-(COOH)n (n =1, 3
and 5) and simple organic acids. lf and r stand for low-frequency and regular COOH
group, respectively.
Fig. 5 - Top and side view of the molecular electrostatic potentials (MEP) of different
SWNT-(COOH)3 in gas-phase and in water.
Fig. 6 - B3LYP IR spectra of (4,4)-(COOH)5 and (8,0)-(COOH)5 in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96. Underlined
values are from regular COOH (r-COOH) group of zigzag tube.
Fig. 7 - B3LYP IR spectra of (8,0)-(COOH)5 and (9,0)-(COOH)5 in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96. Underlined
values are from regular COOH group.

Table 1. Key geometric parameters of SWNT-COOH. Bond lengths are in Å.
R(C=O) R(C-O)

R(O-H)

R(C-COOH)

(4,4)-COOH
Gas
CS2
THF
Water

1.220
1.222
1.222
1.229

1.361
1.356
1.355
1.352

0.976
0.978
0.979
0.979

1.481
1.481
1.481
1.477

(8,0)-COOH
Gas
CS2
THF
Water

1.232
1.238
1.246
1.274

1.376
1.378
1.387
1.403

0.975
0.975
0.976
0.975

1.447
1.434
1.419
1.387

(9,0)-COOH
Gas
CS2
THF
Water

1.235
1.242
1.246
1.268

1.381
1.384
1.386
1.397

0.974
0.975
0.976
0.975

1.439
1.427
1.421
1.397

Table 2. Key geometric parameters of SWNT-(COOH)3. Bond lengths are in Å
R(C=O)

R(C-O)

R(O-H)

R(C-COOH)

(4,4)-(COOH)3
Gas
CS2
THF
Water

1.218
1.220
1.221
1.228

1.360
1.356
1.354
1.351

0.976
0.978
0.979
0.979

1.483
1.482
1.482
1.479

(8,0)-(COOH)3
Gas
CS2
THF
Water

1.227
1.232
1.235
1.249

1.371
1.372
1.372
1.377

0.975
0.975
0.977
0.977

1.457
1.449
1.445
1.429

(9,0)-(COOH)3
Gas
CS2
THF
Water

1.227
1.232
1.237
1.258

1.371
1.369
1.373
1.387

0.975
0.976
0.977
0.976

1.459
1.369
1.443
1.415

Table 3 Key geometric parameters a of SWNT-(COOH)5. Bond lengths are in Å

(4,4)-(COOH)5
Gas
CS2
THF
Water
(8,0)-(COOH)5b
Gas
CS2
THF
Water
(9,0)-(COOH)5b
Gas

R(C=O)

R(C-O)

R(O-H)

R(C-COOH)

1.212-1.219
1.213-1.221
1.215-1.222
1.221-1.229

1.347-1.360
1.343-1.355
1.342-1.354
1.338-1.351

0.975-0.977
0.977-0.978
0.978-0.979
0.978-0.980

1.480-1.508
1.480-1.509
1.480-1.508
1.479-1.508

1.210, 1.214
1.223-1.226
1.214,1.215
1.228-1.232
1.216,1,217
1.232-1.236
1.223,1.225
1.244-1.250

1.353,1.354
1.364-1.371
1.348,1.351
1.365-1.370
1.499,1.351
1.368-1.372
1.348,1.348
1.375-1.379

0.977
0.975
0.979
0.976
0.980
0.977
0.980
0.977

1.498,1.503
1.454-1.460
1.499,1.501
1.446-1.499
1.498,1.499
1.440-1.450
1.496,1.497
1.421-1.439

1.210
1.354
0.977
1.503
1.224-1.227
1.361-1.370 0.975
1.456-1.473
CS2
1.213
1.350
0.979
1.502
1.227-1.233
1.359-1.370 0.976
1.447-1.468
THF
1.217
1.350
0.980
1.499
1.233-1.238
1.366-1.371 0.977
1.436-1.453
Water
1.226
1.346
0.980
1.495
1.246-1.255
1.37.-1.381 0.977
1.416-1.433
a
b
Range of bond distances, The first set of bond lengths correspond to two regular (r)
COOH groups and the second set of values are for three low-frequency (lf) COOH
groups, see Fig. 2. (and S3) for positions of acid groups. Single distance is given when
such bond lengths are same for all -COOH of the same group.

Table 4. Scaled C=O frequencies (in cm-1). r and lf stand for regular and low-frequency
acid groups, respectively. 1a, 3a and 5a indicates number of acid groups. Number of rand lf-COOH group is given in parenthesis for zigzag-(COOH)5.
(4,4)-1a (r)
(8,0)-1a (lf)
(9,0)-1a (lf)

1704
1639
1627

1692
1606
1608

1683
1576
1592

1614
1551
1520

1502
1467

(4,4)-3a (r)
(8,0)-3a (3 lf)
(9,0)-3a (3 lf)

1714
1662
1660

1701
1638
1636

1690
1619
1608

1620
1531
1533

1480
1444

(4,4)-5a (r)
(8,0)-5a (2 r)
(8,0)-5a (3 lf)
(9,0)-5a (1 r)
(9,0)-5a (4 lf)

1718
1742
1672
1742
1670

1708
1724
1649
1726
1634

1698
1707
1629
1705
1621

1632
1633
1533
1630
1545

1468
1474

(4,4)-1a-water

(4,4)-3a-water

(8,0)-1a-water

(8,0)-3a-water

(9,0)-1a-water

(9,0)-3a-water

Fig. 1 - Optimized structures of (4,4)-(COOH)n, (8,0)-(COOH)n and (9,0)-(COOH)n
(n = 1 and 3) in water. Distances are in Å. Optimized structures in other solvents and in
gas-phase are given in Figures S1 (n=1) and S2 (n=3).

lf

lf

lf
lf
lf

lf

lf

(4,4)-5a-water

(8,0)-5a-water

(9,0)-5a-water
lf

lf

lf

(4,4)-8a-water

(8,0)-8a-water

Fig. 2 - Optimized structures of (4,4)-(COOH)n and (8,0)-(COOH)n (n = 5 and 8) in
water. Distances are in Å. Low-frequency COOH groups are marked by lf. Optimized
structures in other solvents and in gas-phase are given in Figures S3 (n=5) and S4 (n=8).
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Fig. 3 - Variation of GSolv of SWNT-(COOH)n and simple organic acids in different medium.
Onsager function Fo= (- 1)/( + 2), where  refers to the dielectric constant of the medium.
Ben, Anth, Phen and For stand for benzene, anthracene, phenanthrene and formic acid,
respectively.

75
0

THF

CS2

Gas

150

Water

(4,4)-5a
(8,0)-5a-r
(9,0)-5a-r
(4,4)-1a
(4,4)-3a

-75
(8,0)-1a

Natural Group Charge (me)

-150

(9,0)-1a

-225

(8,0)-5a-lf

-300
(4,4)-1a
(8,0)-1a
(9,0)-1a
(4,4)-3a
(8,0)-3a
(9,0)-3a
(4,4)-5a
(8,0)-5a-lf
(8,0)-5a-r
(9,0)-5a-lf
(9,0)-5a-r
Ben-1a
Anth-1a
Phen-1a

-375
-450
-525
-600
-675
-750
-825

(9,0)-5a-lf
(8,0
)-3a
(9,0
)-3a

-900
-0.2

0

0.2

0.4

0.6

0.8

Fo

Fig. 4 - Variation of natural charge (q, me) of acid group of SWNT-(COOH)n (n =1, 3
and 5) and simple organic acids. lf and r stand for low-frequency and regular COOH
group, respectively.
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Fig. 5 - Top and side view of the molecular electrostatic potentials (MEP) of different
SWNT-(COOH)3 in gas-phase and in water.
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FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96. Underlined
values are from regular COOH (r-COOH) group of zigzag tube.
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Fig. 7 - B3LYP IR spectra of (8,0)-(COOH)5 and (9,0)-(COOH)5 in different medium.
FWHF is considered at 20 cm-1. Theoretical frequencies are scaled by 0.96. Underlined
values are from regular COOH group.
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In vacuum

(4,4)-(COOH)3

In water

(8,0)-(COOH)3

Top and side view of the molecular electrostatic potentials (MEP) of different (4,4)-(COOH)3 and (8,0)(COOH)3 in vacuum and in water. Blue and red regions in MEP maps indicate positive and negative
potential, respectively. Intermediate potentials are shown in green and yellow colors. No noticeable
changes in MEP are found when the carboxylated (4,4) tube is placed in water. However, differences are
prominent for zigzag tubes in water.
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